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Abstract	  16	  
Contemporary	   smart	   building	   systems	   typically	   aim	   to	   reduce	   building	   energy	   use	   by	   means	   of	  17	  
technologically	   enabled	   climate-­‐responsiveness;	   however,	   these	   technologies	   lack	   the	   efficiency	   and	  18	  
elegance	  of	  naturally	  responsive	  mechanisms	  employing	  the	  inherent	  properties	  of	  available	  materials,	  19	  
such	  as	  the	  moisture-­‐induced	  opening	  and	  closing	  of	  conifer	  cones.	  This	  mechanism	  can	  be	  replicated	  to	  20	  
produce	   low-­‐tech	   low-­‐cost	   hygromorphic	   (moisture-­‐sensitive)	   materials	   with	   the	   response	   driven	   by	  21	  
shrinkage	  and	  swelling	  wood.	  This	  paper	  explores	  the	  possibility	  of	  adaptive	  building	  systems	  based	  on	  22	  
incorporation	   of	   hygromorphic	  materials	   and	   argues	   that	   they	   present	   opportunities	   for	   architecture	  23	  
that	  is	  passively	  attuned	  to	  the	  variable	  natural	  rhythms	  of	  the	  internal	  and	  external	  environments,	  and	  24	  
that	  addresses	  a	  wide	  range	  of	  sustainability	  considerations.	  	  25	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  26	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1.   Towards	  Passively	  Responsive	  Architectures	  29	  
1.1	  Sustainability	  beyond	  energy	  efficiency	  30	  
For	  over	  20	  years	  sustainable	  development	  goals,	  agreed	  internationally	  in	  the	  light	  of	  growing	  concerns	  31	  
about	   the	   implications	   of	   climate	   change	   and	   pollution,	   have	   sought	   to	   cut	   carbon	   emissions	   and	  32	  
increase	  resource	  efficiency	  across	  different	  sectors,	   including	  the	  construction	   industry	   [1].	   In	  the	  UK,	  33	  
the	  minimisation	  of	  energy	  use	  in	  buildings,	  which	  is	  responsible	  for	  almost	  47%	  of	  the	  country’s	  energy	  34	  
consumption	  and	  CO2	  production	  [2],	  has	  become	  a	  policy	  and	  research	  priority	  stimulating	  significant	  35	  
technological	   innovation	  within	   architectural	   design	   and	   building	   engineering	   practice	   [3].	   It	   is	  widely	  36	  
recognised	  that	  one	  of	  the	  most	  effective	  ways	  to	  reduce	  building	  energy	  use	  is	  increasing	  exploitation	  37	  
of	   natural	   heating,	   cooling	   and	   light,	   with	   reduced	   dependence	   on	   powered	   systems	   [4].	   Bioclimatic	  38	  
design	   of	   a	   building	   can	   be	   achieved	   through	   relatively	   simple	   passive	   design	   measures,	   including	  39	  
appropriate	   solar	   orientation,	   activated	   thermal	  mass,	   natural	   ventilation	   strategies	   and	   the	   use	   of	   a	  40	  
well-­‐insulated	  envelope	   to	  maintain	  comfortable	  conditions	   for	   the	   longest	   time	  without	   the	  need	   for	  41	  
external	   energy	   inputs	   [5].	   However,	   in	   most	   cases	   even	   buildings	   with	   good	   passive	   design	   require	  42	  
occasional	   use	   of	   active	   (i.e.	   energy-­‐consuming)	   building	   systems	   to	   ameliorate	   the	   effects	   of	   the	  43	  
changeable	  external	  environment	  [6].	  44	  
Building	  performance	  can	  potentially	  be	  improved	  if	  the	  building	  envelope	  is	  provided	  with	  an	  ability	  to	  45	  
adapt	   to	   its	   environment	   [7].	   Contemporary	   adaptive	   façades	   tend	   to	   rely	   on	   the	   application	   of	  46	  
sophisticated	   technologies,	   usually	   in	   the	   form	   of	   networks	   of	   mechanical	   and	   electronic	   sensors,	  47	  
control	   systems	   and	   actuators.	   This	   mechanised	   climate-­‐responsiveness	   has	   become	   a	   common	  48	  
characteristic	   of	   smart	   building	   skins	   in	   which	   intelligent	   elements	   are	   fitted	   onto	   an	   otherwise	  49	  
conventional	  external	  envelope	  [8].	  Whilst	  such	  technologically	  enabled	  responsive	  façades	  do	  improve	  50	  
the	  internal	  environment	  and	  performance	  characteristics	  of	  a	  building,	  they	  also	  tend	  to	  be	  dependent	  51	  
	   3	  
on	   energy	   supply,	   involve	   high	   levels	   of	   complexity	   and	   cost,	   and	   are	   often	   subject	   to	   potential	  52	  
maintenance	  and	  reliability	  issues	  [7].	  53	  
However,	   the	   choice	   between	   a	   low-­‐tech	   bioclimatic	   design	   approach	   or	   one	   which	   involves	   more	  54	  
complex	   high-­‐tech	   strategies	   is	   hardly	   ever	   a	   simple	   one,	   and	   the	   design	   and	   specification	   of	  55	  
technologies	  to	  meet	  the	  discreet	  requirements	  of	  improved	  energy	  performance	  often	  meshes	  with	  a	  56	  
whole	   range	   of	   other	   sustainable	   design	   concerns	   [9].	   Energy	   efficiency	   is	   clearly	   not	   the	   only	  57	  
environmental	  concern	  relevant	  to	  the	  built	  environment	  and	  any	  cursory	  literature	  review	  on	  green	  or	  58	  
sustainable	   architecture	   immediately	   highlights	   a	   range	   of	   other	   sustainability	   considerations	   and	  59	  
approaches.	   Williamson	   et	   al.	   [10]	   have	   attempted	   to	   make	   sense	   of	   this	   strategic	   diversity	   by	  60	  
suggesting	   three	   contrasting	   images	   of	   sustainable	   architecture,	   each	   placing	   a	   differing	   emphasis	   on	  61	  
technical,	  cultural	  and	  natural.	  Similarly,	  Guy	  and	  Farmer	  [9]	  have	  highlighted	  the	  aesthetic	  and	  symbolic	  62	  
dimensions	   of	   sustainable	   design,	   and	   approaches	   that	   concern	   themselves	   with	   cultural	   continuity,	  63	  
human	   well-­‐being	   or	   the	   social	   dimensions	   of	   sustainability.	   The	   multitude	   of	   sustainable	   design	  64	  
considerations	  points	  to	  the	  need	  for	  further	  research	  into	  design	  approaches,	  materials	  and	  techniques	  65	  
allowing	   designers	   to	   simultaneously	   address	   the	   issues	   of	   improved	   building	   performance	   alongside	  66	  
aesthetics,	   formal,	   economic	  and	  buildability	   requirements,	   sensitivity	   to	  place	  and	   concerns	   for	  well-­‐67	  
being.	  68	  
1.2	  Potential	  for	  Multifunctional	  Biomimetic	  Responsive	  Systems	  69	  
The	   need	   for	   multi-­‐functionality	   in	   sustainable	   architecture	   is	   suggested	   by	   natural	   sciences	   writer	  70	  
Benyus	  [11]	  who	  argues	  that	  “designers	  should	  rethink	  optimisation	  and	  efficiency	  as	  the	  main	  goals	  of	  71	  
building	   design”	   and	   instead	   they	   should	   seek	   and	   expect	   versatility	   from	   buildings,	   materials,	  72	  
technologies.	   As	   suggested	   by	   Pawlyn	   [12],	   architects	   should	   draw	   inspiration	   from	   the	   construction,	  73	  
form	  and	  behaviour	  of	   natural	   structures	   and	  organisms	  and	   the	  way	   they	   are	   integrated	  within	   self-­‐74	  
sustaining	  eco-­‐systems.	  75	  
	   4	  
Concepts	   of	   biomimicry	   are	   nothing	   new	   within	   architectural	   discourse	   and	   practice	   [12],	   however,	  76	  
there	   does	   seem	   to	   be	   a	   growing	   interest	   in	   nature	   and	   biology	   as	   underpinning	   principles	   for	  77	  
development	   of	   simpler,	   more	   responsive	   sustainable	   design	   approaches.	   Menges	   and	   Reichert	   [8]	  78	  
suggest	  that	  nature	  provides	  a	  model	  that	  could	  facilitate	  a	  “shift	  from	  a	  mechanical	  towards	  a	  biological	  79	  
paradigm	   of	   climate-­‐responsiveness	   in	   architecture”.	   They	   argue	   for	   what	   they	   term	   a	   “no-­‐tech	  80	  
strategy”	  that	  would	  deploy	  materials	  with	  ‘passive’	  responsiveness	  enabled	  by	  the	  inherent	  responsive	  81	  
properties	   of	  wood.	   This	   paper	   develops	   these	   ideas	   by	   exploring	   the	   possibility	   of	   adaptive	   building	  82	  
systems	   based	   on	   the	   incorporation	   of	   materials	   with	   embedded	   moisture-­‐sensitivity	   (a.k.a.	  83	  
hygromorphic	  materials)	  and	  argues	  that	  they	  present	  opportunities	  for	  realisation	  of	  multi-­‐dimensional	  84	  
‘hybrid’	  sustainable	  design	  strategies	  (Figure	  1).	  85	  
	  86	  
Figure	  1.	  Adaptive	  building	  systems	  incorporating	  passively-­‐responsive	  hygromorphic	  materials	  can	  provide	  means	  87	  
to	  address	  a	  range	  of	  multi-­‐dimensional	  sustainability	  objectives.	  (To	  be	  reproduced	  in	  colour	  on	  the	  web	  only.)	   88	  
2.   Wood:	  Embedded	  Responsiveness	  of	  a	  Traditional	  Construction	  Material	  89	  
2.1	  From	  Pine	  Cones	  to	  Hygromorphic	  Materials	  90	  
The	  development	  of	  adaptive	  building	   systems	   incorporating	  materials	  with	  an	  embedded	  mechanical	  91	  
responsiveness	   is	   a	   relatively	   new	   area	   of	   research.	   A	   wide	   range	   of	   smart	  materials,	   such	   as	   shape	  92	  
	   5	  
memory	  alloys	  and	  thermo-­‐bimetals,	  have	  already	  been	  deployed	   in	   relatively	  small	   scale	  applications	  93	  
such	  as	  medical	  implants	  and	  sensors	  in	  electrical	  equipment	  [13,	  14].	  However,	  the	  production	  of	  man-­‐94	  
made	  smart	  materials	  is	  often	  complex,	  power-­‐intensive	  and	  requires	  materials	  with	  limited	  availability,	  95	  
which	   diminishes	   their	   applicability	   in	   large-­‐scale	   building	   applications.	   For	   this	   reason,	   there	   is	   an	  96	  
increasing	   research	   interest	   in	   natural	   adaptive	   mechanisms	   that	   are	   architecturally	   scalable.	   One	  97	  
example	  of	   such	  mechanisms	   is	  of	  opening	  and	  closing	  of	   seed-­‐producing	   (female)	   conifer	   cones	   (e.g.	  98	  
spruce	  and	  pine	  cones)	  (Figure	  2).	  	  99	  
	  100	  
Figure	  2.	  Reversible	  moisture-­‐driven	  opening	  (dry	  conditions)	  and	  closing	  (wet	  conditions)	  of	  spruce	  cones.	  (To	  be	  101	  
reproduced	  in	  colour	  on	  the	  web	  only.) 102	  
In	   dry	   conditions	   seed-­‐bearing	   scales	   of	   conifer	   cones	   bend	   outwards	   releasing	   the	   seeds.	   This	  103	  
mechanism	  operates	  passively	  as	  it	  is	  performed	  by	  fully	  grown	  cones,	  the	  tissues	  of	  which	  are	  no	  longer	  104	  
alive	  [15].	  If	  fallen	  cones	  are	  exposed	  to	  a	  humid	  environment,	  they	  close	  again	  [16]	  and	  this	  reversible	  105	  
responsive	  capacity	  is	  retained	  for	  a	  large	  number	  of	  cycles.	  This	  mechanism	  is	  enabled	  by	  the	  structure	  106	  
of	   the	   responsive	   scales	   which	   consists	   of	   two	   layers	   exhibiting	   different	   amounts	   of	   dimensional	  107	  
changes	  when	   exposed	   to	  moisture	   [8].	   The	   principle	   of	   a	   responsive	   bilayer	  material	   structure,	   also	  108	  
observed	  in	  other	  natural	  moisture-­‐responsive	  systems,	  such	  as	  wheat	  awns	  and	  orchid	  tree	  seedpods	  109	  
	   6	  
[17,	  18],	  can	  be	  adopted	  to	  produce	  artificial	  moisture-­‐sensitive	  composites	  (hygromorphs)	  consisting	  of	  110	  
active	  wood	  layers	  and	  natural	  or	  synthetic	  passive	  layers	  (Figure	  3).	  111	  
	  112	  
Figure	  3.	  Principle	  of	  the	  response	  of	  hygromorphic	  composites	  based	  on	  differential	  hygroexpansion	  (i.e.	  shrinkage	  113	  
or	  swelling)	  of	  active	  and	  passive	  layers.	  (To	  be	  reproduced	  in	  colour	  on	  the	  web	  only.) 114	  
2.2.	  Historic	  and	  Emerging	  Applications	  of	  Wood	  as	  a	  Responsive	  Material	  115	  
The	  advantage	  of	  wood	  as	  a	  responsive	  building	  material	  is	  based	  on	  its	  ubiquitous	  availability,	  relatively	  116	  
low	  cost,	  low	  environmental	  impact	  and	  a	  remarkable	  combination	  of	  being	  a	  lightweight	  material	  with	  117	  
good	  structural	  properties	  [19,	  20,	  21].	  Thanks	  to	  these	  properties	  timber	  has	  always	  been	  a	  common	  118	  
construction	  material.	  However,	  because	  of	  the	  static	  nature	  of	  virtually	  all	  structural	  building	  119	  
components,	  the	  tendency	  of	  wood	  to	  exhibit	  moisture	  induced	  dimensional	  changes	  is	  commonly	  120	  
considered	  to	  be	  a	  deficiency	  [22,	  23].	  For	  this	  reason,	  the	  standard	  approach	  to	  the	  design	  of	  timber	  121	  
structures	  relies	  on	  the	  reduction	  of	  dimensional	  instability	  and	  minimising	  the	  impact	  of	  movement	  on	  122	  
the	  structure	  [24].	  	  123	  
There	  are,	  however,	  a	  limited	  number	  of	  historic	  applications	  of	  wood	  which	  utilise	  this	  property.	  Since	  124	  
shrinkage	   and	   swelling	   (hygroexpansion)	   of	   wood	   is	   dependent	   on	   the	   ambient	   environment	   it	   is	  125	  
exposed	   to,	   it	  has	  been	  used	  occasionally	   in	  hygrometers	  and	   thermostats	   in	   the	   form	  of	   sensors	  and	  126	  
actuators	   [22].	   Other	   historic	   applications	   of	   wood	   hygroexpansion	   included	   stone	   splitting	   in	  127	  
preindustrial	  quarries	  and	  production	  of	  self-­‐sealing	  wooden	  casks	  [25].	  At	  a	  building	  scale,	  the	  cladding	  128	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of	  traditional	  Norwegian	  boathouses	  in	  Nordmore	  is	  an	  example	  of	  a	  simple	  climate	  responsive	  timber	  129	  
façade	  dating	  back	  to	  the	  19th	  century.	  Contrary	  to	  conventional	  wood	  paneling	  methods,	  the	  walls	  of	  130	  
the	  boathouses	  were	  made	  from	  plain-­‐sawn	  wooden	  planks	  nailed	  towards	  their	  upper	  edges.	  This	  type	  131	  
of	   fixing	   allowed	   them	   to	   bow	  upwards	   in	   dry	  weather	   to	   enhance	   natural	   ventilation	   of	   the	   interior	  132	  
space	  and	  straighten	  in	  wet	  weather	  to	  restore	  weather-­‐tightness	  [26]	  (Figure	  4).	  133	  
	  134	  
Figure	  4.	  a)	  Wooden	  paneling	  of	  boathouses	  in	  Nordmøre,	  Norway	  –	  cupping	  of	  plain-­‐sawn	  planks	  enhances	  135	  
natural	  ventilation	  in	  dry	  weather;	  b)	  conventional	  wood	  paneling	  that	  minimizes	  movement	  of	  the	  panels	  and	  136	  
retains	  weather	  tightness	  in	  all	  conditions.	  Based	  on	  Larsen	  and	  Marstein	  [26].	  (To	  be	  reproduced	  in	  colour	  on	  the	  137	  
web	  only.)	  138	  
Unlike	   scales	   of	   pine	   cones,	   the	   planks	   used	   for	   the	   boatsheds	   consisted	   of	   a	   single	   layer	   of	   wood	  139	  
bending	  as	  a	  result	  of	  the	  difference	  between	  the	  shrinkage	  along	  and	  across	  the	  growth	  rings	  (T/R).	  A	  140	  
similar	   purposefully	   ‘incorrect’	   cladding	   technique	   (but	   with	   the	   use	   of	   narrow	   wood	   shingles	   as	  141	  
opposed	  to	  planks)	  has	  been	  employed	  by	  Payne	  [27]	  in	  his	  project	  proposal	  for	  ‘Raspberry	  Fields’	  which	  142	  
seeks	   to	   create	   an	   unusual	   animal-­‐like	   ‘hairy’	   façade	   by	   using	   timber	   shingles	   to	   clad	   a	   one-­‐room	  143	  
schoolhouse	  in	  Round	  Valley,	  Utah.	  	  144	  
Timber	   is	   currently	   receiving	   a	   renewed	   interest	   from	   the	   construction	   industry,	  mainly	   because	   it	   is	  145	  
increasingly	   recognised	   as	   a	   more	   sustainable	   building	   material	   than	   steel	   and	   concrete,	   which	   is	  146	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available	  from	  renewable	  resources	  and	  exhibits	  a	  reduced	  energy	  and	  ecological	  footprint	  [19,	  21].	  This	  147	  
recognition,	   combined	   with	   the	   growing	   understanding	   of	   the	   potential	   benefits	   of	   adaptive	  148	  
architectural	   systems,	   has	   encouraged	   research	   and	  practice	   that	   investigates	   the	   possibility	   of	   smart	  149	  
construction	  materials	  enabled	  by	  moisture-­‐sensitivity	  of	  wood.	  Reichert	  et	  al.	  [25]	  have	  produced	  some	  150	  
of	  the	  most	  interesting	  and	  pivotal	  projects	  in	  this	  area,	  and	  this	  work	  has	  served	  as	  a	  starting	  point	  for	  151	  
this	  research.	  Their	  work	  has	  included	  the	  construction	  of	  several	  prototypes	  (Figure	  5)	  with	  responsive	  152	  
elements	   consisting	   of	   semi-­‐synthetic	   hygromorphic	   materials	   developed	   through	   a	   series	   of	  153	  
experiments	  with	  different	  shapes	  and	  material	  configurations.	  	  154	  
	  155	  
Figure	  5.	  A	  prototype	  with	  hygromorphic	  skin	  shown	  in	  open	  (right)	  and	  closed	  state	  (left)	  at	  the	  Institute	  of	  156	  
Computational	  Design	  (ICD),	  University	  of	  Stuttgart.	  Reproduced	  from	  [8].	  (To	  be	  reproduced	  in	  colour	  on	  the	  web	  157	  
only.)	  158	  
While	  the	  response	  of	  these	  prototypes	  was	  in	  most	  cases	  achieved	  through	  bending	  of	  simple	  159	  
triangular	  panels,	  Cordero	  and	  Smith	  [28]	  also	  explored	  other	  dynamic	  geometrical	  systems	  which	  can	  160	  
be	  produced	  using	  hygromorphs.	  Results	  of	  further	  research	  including	  analysis	  of	  principles	  for	  selection	  161	  
of	  optimal	  configurations	  of	  hygromorphic	  materials	  based	  on	  a	  detailed	  investigation	  of	  their	  162	  
properties,	  and	  exploration	  of	  their	  potential	  applications	  in	  adaptive	  building	  systems,	  are	  provided	  in	  163	  
this	  paper.	  164	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3.   Understanding	  Behaviour	  and	  Optimising	  Properties	  of	  Hygromorphs	  165	  
3.1	  Wood-­‐Moisture	  Relations:	  Hygroexpansion	  166	  
In	  plants,	  cyclic	  moisture	  actuated	  movements,	  such	  as	  opening	  and	  closing	  of	  trumpet	  gentian	  flowers	  167	  
(Gentiana	   kochiana),	   are	   often	   achieved	   through	   changes	   of	   turgor	   pressure	   controlled	   by	  metabolic	  168	  
processes	  [29].	  Similar	  to	  contractions	  of	  molecular	  motors	   in	  animal	  muscles,	  these	  processes	  require	  169	  
transformation	   of	   chemical	   energy	   into	  mechanical	   energy	   in	   active	   (i.e.	   living)	   cells	   [30].	   In	   contrast,	  170	  
hygroexpansion	  of	  wood	  is	  a	  passive	  material	  capacity	  resulting	  from	  its	  hygroscopicity	  and	  micro-­‐	  and	  171	  
macro-­‐structure,	  which	   are	   independent	   from	  biological	   cell	   activity.	   Therefore,	   no	   additional	   energy,	  172	  
sensory	  and	  actuation	  systems	  are	  required	  to	  trigger	  the	  mechanical	  changes	  [8].	  173	  
Hygroscopicity	  is	  the	  ability	  to	  exchange	  moisture	  with	  the	  surrounding	  environment	  through	  processes	  174	  
of	  adsorption	  and	  desorption	  [23],	  and	   is	  a	  common	  characteristic	  of	  materials	  with	  porous	  or	  cellular	  175	  
structures,	   including	   wood,	   concrete	   and	   paper.	   Unlike	   most	   other	   hygroscopic	   materials,	   wood	   is	  176	  
distinctive	   because	   of	   the	   comparatively	   large	   dimensional	   changes	   resulting	   from	   variations	   in	   its	  177	  
moisture	   content	   (hygromorphy)	   and	   a	   combination	   of	   other	   beneficial	   properties	   including	   flexibility	  178	  
and	  low	  weight.	  Wood	  is	  therefore	  well-­‐suited	  for	  use	  as	  the	  active	  layer	  of	  a	  hygromorphic	  composite.	  	  179	  
Structurally,	   due	   to	   the	   necessity	   of	   supporting	   the	  weight	   of	   the	   crown	  of	   the	   tree	   (axial	   force)	   and	  180	  
resisting	  wind	   loading	   (bending	   force)	   in	   the	   living	   tree,	  wood	  has	  evolved	  much	  greater	  strength	  and	  181	  
stiffness	  along	  the	  grain	  than	  in	  each	  of	  the	  transverse	  directions	  [31].	  The	  structure	  and	  behaviour	  of	  182	  
individual	  wood	   cells	   and	   their	   predominant	   near-­‐vertical	   orientation	   in	   the	   tree	   trunk	   is	   the	   primary	  183	  
reason	  for	  anisotropy	  of	  many	  wood	  properties.	  The	  hygroexpansion	  of	  wood	  is	  significantly	  different	  in	  184	  
the	   three	   orthogonal	   directions	   –	   tangential	   (tan.),	   radial	   (rad.)	   and	   longitudinal	   (lon.)	   (Figure	   6).	  185	  
Maximum	  dimensional	  changes	  of	  up	  to	  about	  12%	  from	  green	   (g.)	   to	  oven-­‐dry	   (o.d.)	  occur	  along	  the	  186	  
growth	  rings	  (tangential	  direction),	  with	  around	  40%	  smaller	  changes	  in	  the	  radial	  direction	  and	  at	  least	  187	  
an	  order	  of	  magnitude	  smaller	  changes	  in	  the	  longitudinal	  direction	  [22,	  32].	  	  188	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  189	  
Figure	  6.	  Section	  of	  a	  wood	  trunk	  showing	  approximate	  maximum	  hygroexpansion	  in	  each	  of	  the	  grain	  directions	  190	  
(varies	  between	  wood	  species).	  Produced	  using	  information	  from	  Rijsdijk	  and	  Laming	  [30]	  and	  Hoadley	  [21].	  (To	  be	  191	  
reproduced	  in	  colour	  on	  the	  web	  only.)	  192	  
Moisture	  in	  wood	  can	  be	  stored	  in	  two	  different	  states,	  free	  water	  (both	  vapour	  and	  liquid)	   inside	  cell	  193	  
cavities	   and	   bound	  water	   in	   the	   cell	   walls.	   The	   dimensional	   changes	   caused	   by	   the	   presence	   of	   free	  194	  
water	   are	   usually	   negligible;	   hence,	   the	  main	   factor	   influencing	   hygroexpansion	   is	   the	   change	   in	   the	  195	  
amount	  of	  bound	  water	  [22].	  Adsorption	  of	  bound	  water	  is	  transferred	  into	  swelling	  at	  macro-­‐scale	  as	  a	  196	  
result	  of	   transverse	  expansion	  of	  cellulosic	  microfibrils	   (primary	  building	  components	  of	   the	  cell	  walls)	  197	  
and	   the	   hemicellulose	   component	   of	   the	   matrix	   within	   which	   they	   are	   embedded	   [20].	   Removal	   of	  198	  
bound	   water	   results	   in	   the	   opposite	   process	   leading	   to	   shrinkage,	   which	   allows	   the	   response	   of	  199	  
hygromorphs	  to	  be	  reversed.	  200	  
The	   total	   amount	  of	  water	  which	   can	  be	   stored	   in	   the	  bound	   state	   is	   limited	  by	   the	   finite	  number	  of	  201	  
sorption	  sites	  in	  the	  cell	  walls.	  The	  Moisture	  Content	  (MC)	  (i.e.	  the	  ratio	  between	  the	  weight	  of	  water	  in	  202	  
the	  wood	  and	  the	  weight	  of	  the	  dry	  wood)	  at	  which	  the	  cell	  walls	  achieve	  maximum	  saturation,	  but	  no	  203	  
liquid	  water	  is	  present	  in	  the	  cavities,	  is	  called	  the	  fibre	  saturation	  point	  (MCf)	  (generally	  around	  26%	  to	  204	  
32%	  in	  temperate	  wood	  species	  and	  between	  approximately	  19%	  and	  30%	  in	  tropical	  timbers)	  [22,	  31,	  205	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32].	   A	   linear	   relationship,	   which	   can	   be	   expressed	   as	   a	   coefficient	   of	   hygroexpansion,	   is	   commonly	  206	  
assumed	   between	   MC	   changes	   below	   MCf	   (effective	   moisture	   content	   change)	   and	   the	   induced	  207	  
dimensional	  changes	  in	  each	  of	  the	  principal	  grain	  directions	  [22].	  In	  living	  trees	  and	  freshly	  cut	  timber	  208	  
(green	  wood)	  MC	  is	  always	  above	  MCf	  [19],	  thus	  only	  dried	  wood	  can	  exhibit	  hygroexpansion.	  209	  
Given	  sufficient	  time	  and	  stable	  atmospheric	  conditions	  the	  MC	  of	  wood	  comes	  to	  equilibrium	  with	  the	  210	  
surrounding	  environment	  (Equilibrium	  Moisture	  Content,	  EMC)	  at	  which	  point	  the	  wood	  stops	  gaining	  or	  211	  
losing	   bound	  water	   [23].	   EMC	   is	   affected	   by	   several	   factors,	   the	  most	   significant	   of	   which	   is	   relative	  212	  
humidity	  (RH)	  [22].	  However,	  consideration	  of	  other	  factors	  commonly	  disregarded	  by	  other	  researchers	  213	  
[16,	  25,	  28],	  including	  temperature,	  previous	  sorption	  history	  and	  the	  mechanical	  stress	  (or	  constraints),	  214	  
can	  improve	  the	  ability	  to	  precisely	  predict	  the	  response	  of	  the	  composites.	  215	  
3.2	  Selection	  of	  Optimal	  Material	  Configurations	  216	  
3.2.1	  Material	  properties	  affecting	  potential	  applicability	  217	  
The	   behaviour	   of	   bi-­‐layer	   hygromorphic	   composites	   is	   determined	   by	   several	   interacting	   factors,	  218	  
including,	  the	  choice	  of	  material	  for	  each	  layer,	  their	  thicknesses	  and	  orientation,	  type	  of	  bond	  and	  the	  219	  
initial	   production	   conditions.	   Despite	   a	   wide	   range	   of	   wood	   species	   with	   different	   properties	   and	   an	  220	  
even	   greater	   selection	   of	   potentially	   applicable	   materials	   for	   the	   passive	   layer,	   the	   development	   of	  221	  
optimal	   configurations	   has	   not	   previously	   been	   explored	   in	   detail.	   The	   main	   parameters	   affecting	  222	  
potential	   applicability	   of	   the	   composites	   are	   responsiveness	   (the	   magnitude	   of	   shape	   changes),	  223	  
reactivity	   (response	   time),	   actuation	   capacity	   (determined	   by	   the	   force	   produced	   as	   a	   result	   of	   the	  224	  
response),	   structural	   resistance	   (ability	   to	   withstand	   applied	   loads	   without	   excessive	   deflection	   and	  225	  
irreversible	  damage),	  durability	  (resistance	  to	  degradation),	  sustainability	  (environmental	  impact,	  effects	  226	  
on	  people	  and	  economic	  considerations)	  and	  aesthetics.	  Many	  of	  these	  parameters	  are	  interrelated	  and	  227	  
therefore	  must	  be	  considered	  together	  to	  develop	  an	  optimal	  design	  for	  a	  given	  application.	  228	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The	  response	  mechanism	  of	  bi-­‐layer	  hygromorphs	  is	  similar	  to	  that	  of	  thermo-­‐bimetallic	  strips,	  allowing	  229	  
Timoshenko’s	   theory	   for	   bi-­‐metal	   thermostats	   to	   be	   used	   to	   predict	   their	   behaviour	   [16,	   33].	  230	  
Timoshenko’s	   equation	   has	   been	   modified	   to	   account	   for	   hygroscopic	   shrinkage	   by	   replacing	   the	  231	  
corresponding	  thermal	  expansion	  coefficients	  with	  coefficients	  of	  hygroexpansion	  (α),	  and	  temperature	  232	  
change	  with	  effective	  moisture	  content	  change	  (ΔMC’)	  (or	  ΔEMC	  if	  the	  new	  conditions	  are	  assumed	  to	  233	  
be	  static)	  (Equation	  1):	  234	  
𝐾 = 1𝑅 = 𝛥𝛼 · 𝑓 𝑚, 𝑛 · ∆𝑀𝐶/𝑡12134 + 1𝑅6 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (𝑬𝒒. 𝟏)	  235	  
where,	  236	  
𝑓 𝑚, 𝑛 = 6 1 + 𝑚 ?3 1 + 𝑚 ? + 1 + 𝑚 ∙ 𝑛 𝑚? + 1𝑚 ∙ 𝑛 	  ; 	  𝛥𝛼 = 𝛼3 − 𝛼D; 	  𝑚 = 𝑡D𝑡3 	  𝑎𝑛𝑑	  𝑛 = 𝐸D𝐸3 	  	  	  	  	  (𝑬𝒒. 𝟐)	  237	  
and	  t	  =	  thickness	  of	  a	  layer,	  E	  =	  elastic	  modulus	  (stiffness),	  R	  =	  radius	  of	  curvature	  of	  the	  composite,	  and	  238	  
subscripts	   ‘a’	   and	   ‘p’	   denote	   the	   active	   and	   passive	   layers	   respectively.	   According	   to	   Equation	   1	  239	  
curvature	  ‘K’	  is	  dependent	  on	  the	  stimulus	  ΔMC’,	  the	  difference	  between	  hygroexpansion	  coefficients	  of	  240	  
the	   layers,	   the	   ratios	   between	   their	   stiffness	   and	   thickness	   (n	   and	   m	   correspondingly),	   the	   total	  241	  
thickness	  of	  the	  composite	  (ttotal),	  and	  the	  initial	  curvature	  of	  the	  element	  (1/R0).	  242	  
3.2.2	  Selection	  and	  Orientation	  of	  Active	  Wood	  Layer	  243	  
The	  magnitude	  of	  ΔMC’	   is	  determined	  by	  changes	   in	  external	  conditions	  and	  in	  most	  cases	  only	  varies	  244	  
slightly	   between	  wood	   species	   [22].	   The	   response	   of	   hygromorphic	   composites	   is	   proportional	   to	   the	  245	  
difference	  between	   the	  amounts	  of	  dimensional	   changes	  of	   the	   two	   layers.	  Maximum	  responsiveness	  246	  
can	  be	  achieved	  by	  employing	  hygroexpansion	  of	  wood	  in	  the	  tangential	  direction	  in	  the	  active	  layer	  and	  247	  
selecting	  a	  non-­‐hygroscopic	  passive	  layer.	  This	  can	  be	  achieved	  by	  choosing	  rotary-­‐cut	  or	  plain-­‐cut	  (a.k.a.	  248	  
crown-­‐cut)	  veneer,	  as	  opposed	  to	  the	  quarter-­‐cut	  veneer	  used	  by	  Reichert	  et	  al.	  [25]	  (Figures	  7	  and	  8).	  249	  
Rotary-­‐cut	   veneer	   exhibits	   the	   greatest	   hygroexpansion	   thanks	   to	   its	   near-­‐exact	   alignment	   along	   the	  250	  
	   13	  
growth	  rings.	  Obtained	  by	  peeling	  of	  cylindrical	  logs,	  it	  is	  also	  one	  of	  the	  cheapest	  veneer	  types	  [34]	  and	  251	  
can	  be	  produced	   in	   larger	   sheets	   than	   the	  other	   types,	  however,	   it	   is	  not	  always	  widely	   commercially	  252	  
available	  for	  all	  potentially	  applicable	  wood	  species.	  	  253	  
	  254	  
Figure	  7.	  Types	  of	  lumber	  and	  veneer	  that	  should	  be	  used	  in	  the	  active	  layer	  to	  employ	  tangential	  (maximum)	  255	  
hygroexpansion	  (green/italics)	  -­‐	  does	  not	  include	  quarter-­‐cut	  veneer	  (orange).	  (To	  be	  reproduced	  in	  colour	  on	  the	  256	  
web	  only.)	  257	  
	  258	  
Figure	  8.	  Hygromorphs	  with	  active	  layers	  of	  plain-­‐cut	  and	  rotary-­‐cut	  wood	  veneer	  are	  more	  responsive	  than	  those	  259	  
with	  quarter-­‐cut	   veneer	  active	   layers.	   The	   figure	   shows	   the	   response	  of	   initially	   straight	   samples	   (at	  45%RH	  and	  260	  
22Cᵒ)	  to	  wetting	  by	  sprayed	  water.	  With	  the	  exception	  of	  the	  type	  of	  veneer	  used	  for	  the	  active	  layer,	  the	  samples	  261	  
are	  identically	  configured	  and	  sized.	  (To	  be	  reproduced	  in	  colour	  on	  the	  web	  only.)	  262	  
The	   dimensional	   changes	   resulting	   from	   a	   given	   ΔMC’	   vary	   substantially	   for	   different	   wood	   species	  263	  
making	  their	  choice	  a	  factor	  affecting	  the	  composites’	  response.	  Sycamore	  maple	  (Acer	  pseudoplatanus)	  264	  
(tan≈10%	  g.	  to	  o.d.)	  and	  black	  walnut	  (Juglans	  nigra)	   (tan≈8%	  g.	  to	  o.d.)	  chosen	  by	  Reichert	  et	  al.	   [25]	  265	  
and	   Cordero	   and	   Smith	   [28]	   for	   their	   responsive	   composites	   respectively,	   are	   hardwood	   species.	  266	  
	   14	  
However,	  it	  is	  also	  possible	  to	  use	  softwood,	  such	  as	  Syberian	  larch	  (Larix	  russica)	  (tan≈10%	  g.	  to	  o.d.),	  in	  267	  
the	  active	  layers	  of	  the	  composites.	  Softwood	  species	  are	  generally	  characterised	  by	  greater	  availability	  268	  
and	   affordability	   in	   the	   UK	   [35],	   but,	   similar	   to	   ring-­‐porous	   hardwoods,	   they	   tend	   to	   exhibit	   marked	  269	  
differences	  between	  the	  structural	  and	  hygromorphic	  properties	  of	  the	  wood	  formed	  in	  the	  early	  part	  of	  270	  
the	   growing	   season	   (earlywood)	   and	   in	   the	   latter	   part	   of	   the	   season	   (latewood)	   when	   grown	   in	  271	  
temperate	  climates	  [19].	   In	  thin	  composites	  the	  effect	  of	   inconsistent	  properties	  of	  the	  active	  layer	  on	  272	  
the	   overall	   behaviour	   of	   hygromorphs	   is	   amplified.	   Therefore,	   European	   softwood	   and	   ring-­‐porous	  273	  
hardwood	  species	  should	  be	  used	  in	  relatively	  thick	  responsive	  composites	  or	  in	  the	  form	  of	  single-­‐layer	  274	  
plain-­‐sawn	   shingles	   (in	   a	   similar	   fashion	   to	   the	   cladding	  of	  Norwegian	  boatsheds),	   unless	   inconsistent	  275	  
behaviour	  is	  an	  intended	  feature	  of	  the	  design.	  In	  contrast,	  a	  range	  of	  hardwoods	  with	  relatively	  uniform	  276	  
distribution	  of	  cells	  of	  different	  types	  and	  sizes	  between	  earlywood	  and	  latewood	  (diffuse-­‐porous)	  that	  277	  
are	   potentially	   applicable	   for	   thin	   hygromorphs,	   including	   silver	   birch	   (Betula	   pendula)	   and	   European	  278	  
beech	   (Fagus	   sylvatica),	   are	   grown	   in	   Europe.	   Given	   the	   potential	   aesthetic	   value	   of	   the	   responsive	  279	  
materials,	   visual	   characteristics	   of	   different	   wood	   species	   such	   as	   colour	   and	   figure	   may	   also	   play	   a	  280	  
significant	  role	  in	  material	  selection	  depending	  on	  the	  proposed	  application.	  281	  
In	  many	  wood	  species	  hygroscopicity	  of	  heartwood	  (i.e.	  the	  inner	  part	  of	  wood	  no	  longer	  performing	  the	  282	  
sap	   conduction	   function	  or	   containing	   living	   perenchyma	   cells)	   [36]	   is	   somewhat	   smaller	   than	   that	   of	  283	  
sapwood	  [22]	  due	  to	  the	  presence	  of	  toxic	  extractives	  deposited	  during	  its	  formation	  [31].	  On	  the	  other	  284	  
hand,	  high	  content	  of	  certain	  extractives	  [37,	  38],	  comparatively	  high	  acidity	  and	   low	  concentration	  of	  285	  
carbohydrates	  give	  heartwood	  of	  some	  wood	  species	  increased	  natural	  resistance	  to	  fungal	  and	  insect-­‐286	  
related	  degradation	   [20,	   31].	   In	   reality	   though,	   biological	   decay	   very	   rarely	   starts	   below	  20%	  MC	   [32]	  287	  
meaning	  that	  the	  use	  of	  sapwood	  or	  wood	  with	  low	  natural	  resistance	  to	  bio-­‐deterioration	  can	  still	  allow	  288	  
adequate	  lifespan	  as	  long	  as	  they	  are	  protected	  from	  direct	  contact	  with	  water	  and	  RH	  above	  90%	  (e.g.	  289	  
	   15	  
indoors).	  Where	   this	   is	   not	   possible,	   the	   use	   of	   heartwood	   of	   durable	   species,	   such	   as	   European	   oak	  290	  
(Quercus	  robur)	  [36],	  could	  improve	  longevity	  of	  the	  composites.	  291	  
As	  observed	  by	  Reichert	  et	  al.	  [25],	  orientation	  of	  the	  layers	  is	  an	  important	  factor	  affecting	  the	  shape	  of	  292	  
the	   deformed	   responsive	   elements.	   Maximum	   curvature	   change	   of	   the	   composites	   occurs	   in	   the	  293	  
direction	  orthogonal	  to	  the	  grain	  direction	  of	  the	  active	  layer.	  The	  effects	  of	  a	  consistent	  deviation	  from	  294	  
vertical	   grain	   orientation	   in	   the	   tree	   trunk	   can	   be	   negated	   as	   the	   active	   layer	   can	   be	   realigned	   if	  295	  
necessary	  during	  the	  production	  of	  the	  composites.	  With	  this	  in	  mind,	  in	  some	  cases	  the	  grain	  direction	  296	  
can	   change	   or	   even	   alternate	   from	   clockwise	   to	   anticlockwise	   direction	   (interlocked	   grain)	   between	  297	  
different	   growth	   rings,	   causing	   internal	   restriction	   of	   hygroexpansion	   and	   difficulties	   in	  workability	   of	  298	  
wood	  [34].	  Thus,	  the	  use	  of	  wood	  species	  prone	  to	  development	  of	  interlocked	  grain,	  such	  as	  American	  299	  
elm	   (Ulmus	   americana)	   and	  many	   tropical	   hardwood	   species,	   can	   lead	   to	   unnecessary	   complications	  300	  
during	   the	  production	  of	   the	   responsive	  composites.	  Other	  wood	  species	   to	  be	  avoided	   include	   those	  301	  
with	  a	  natural	  tendency	  to	  develop	  non-­‐circular	  stems	  (e.g.	  European	  hornbeam	  (Carpinus	  betulus)	  with	  302	  
fluted	  stem	  and	  wavy	  pattern	  of	  growth	  rings)	  [31],	  which	  makes	  extraction	  of	  veneer	  along	  the	  growth	  303	  
rings	   impracticable.	  Wood	  with	   abnormalities	   (e.g.	   knots,	   burls	   and	   bird’s-­‐eyes)	   and	   other	   significant	  304	  
irregularities	  (e.g.	  resin	  pockets)	  should	  also	  be	  excluded	  from	  the	  use	  in	  the	  composites	  if	  a	  consistent	  305	  
response	  is	  desirable.	  306	  
Some	  variability	  of	  properties	  of	   the	  active	   layer	   is	   inevitable	  as	  wood	   is	   a	  natural	   climate-­‐dependent	  307	  
material	   with	   a	   highly	   non-­‐uniform	   structure,	   and	   it	   should	   be	   expected	   that	   the	   coefficient	   of	  308	  
hygroexpansion	  will	   vary	  by	  about	  15%	  between	  specimens	  of	  normal	  wood	  within	   the	   same	  species.	  309	  
Abnormal	  wood	  (including	  reaction	  wood	  and	  juvenile	  wood)	  formed	  under	  the	  conditions	  of	  increased	  310	  
stress	   demonstrates	   a	   much	   greater	   inconsistency	   in	   combination	   with	   a	   potential	   for	   decreased	  311	  
workability,	   brittleness	   and	   reduced	   transverse	   hygroexpansion	   [20].	   Sourcing	   wood	   from	   trunks	   of	  312	  
	   16	  
silviculturally	  controlled	  forest	  stands	  grown	  on	  flat	  terrain	  can	  increase	  the	  chances	  of	  obtaining	  normal	  313	  
wood	  [31]	  with	  consistent	  properties	  to	  be	  used	  in	  the	  composites.	  	  314	  
3.2.3	  Selection	  of	  Passive	  Layer	  315	  
Shrinkage	   and	   swelling	   of	   thin	   veneer	   elements	   on	   their	   own	   produces	   limited	   changes	   of	   their	  316	  
geometry	  and	  has	  limited	  applicability.	  The	  passive	  layer	  amplifies	  the	  effects	  of	  movement	  of	  the	  active	  317	  
layer	  by	  providing	  a	  constraint	  to	  its	  planar	  hygroexpansion	  and	  forcing	  the	  composite	  to	  bend.	  This	  can	  318	  
be	  achieved	  in	  an	  elegant	  manner	  by	  employing	  anisotropy	  of	  the	  hygromorphic	  properties	  of	  wood	  if	  319	  
the	   most	   dimensionally	   stable	   longitudinal	   grain	   direction	   of	   wood	   in	   the	   passive	   layer	   is	   aligned	  320	  
perpendicular	   to	   the	   grain	  of	   the	   active	   layer	   (cross-­‐grained	   veneer	   laminate).	   The	  advantages	  of	   this	  321	  
type	   of	   configuration	   include	   simplified	   production	   and	   end-­‐of-­‐life	   processing	   (as	   only	   one	   type	   of	  322	  
material	  is	  required),	  and	  low	  embodied	  energy	  of	  their	  components.	  Wood	  has	  an	  order	  of	  magnitude	  323	  
lower	   embodied	   energy	   than	   polymers,	   fibreglass	   or	   carbon	   fibre,	   and	   depending	   on	   processing	   and	  324	  
transportation,	  wood	  can	  be	  considered	  to	  be	  carbon	  negative	  [39,	  40].	  325	  
One	  of	  the	  concerns	  associated	  with	  the	  use	  of	  wood	  veneer	  in	  the	  passive	  layer	  is	  that	  its	  dimensional	  326	  
changes	   will	   result	   in	   bi-­‐directional	   differential	   expansion	   of	   the	   layers.	   This	   results	   in	   a	   tendency	   of	  327	  
responsive	   elements	  with	   similar	  width	   and	   length	   to	   develop	   curvature	   in	   two	  planes	   reducing	   their	  328	  
responsiveness	   and	   introducing	   additional	   internal	   stresses,	   which	   may	   lead	   to	   delamination	   of	   the	  329	  
layers	   [41]	   (Figure	   9).	   The	   effect	   can	   be	   reduced	   if	   the	   veneer	   used	   in	   the	   passive	   layer	   is	   thinner	   or	  330	  
produces	   smaller	   hygroexpansion	   than	   the	   active	   layer	   due	   to	   the	   species	   or	   the	   type	   of	   wood	   cut	  331	  
chosen.	  It	  can	  also	  be	  mitigated	  by	  using	  narrow	  responsive	  elements.	  Alternatively,	  materials	  with	  very	  332	  
low	   hygroscopicity,	   for	   example,	   a	   range	   of	   synthetic	   polymers	   and	   glass	   fibre-­‐reinforced	   composites	  333	  
(GFRP),	  can	  be	  used	  instead	  of	  wood	  to	  ensure	  dimensional	  stability	  of	  the	  passive	  layer.	  Reichert	  et	  al.	  334	  
[25]	  have	  reported	  that	  the	  response	  of	  wider	  elements	  produced	  from	  such	  semi-­‐synthetic	  composites	  335	  
is	  still	  somewhat	  reduced	  in	  comparison	  to	  long	  narrow	  ones.	  However,	  this	  can	  potentially	  result	  from	  336	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the	  wider	  composites	  requiring	  longer	  time	  to	  complete	  the	  response	  or	  the	  longitudinal	  component	  of	  337	  
hygroexpansion	   of	   the	   active	   layer	   causing	   a	   similar	   but	   much	   less	   significant	   tendency	   for	   double	  338	  
curvature	  that	  is	  difficult	  to	  avoid.	  339	  
	  340	  
Figure	  9.	  Bidirectional	  hygroexpansion	  of	  passive	  and	  active	  layers	  of	  cross-­‐grained	  veneer	  laminates	  (ΔBp	  and	  ΔLa	  341	  
respectively)	  results	  in	  a	  tendency	  of	  wider	  responsive	  elements	  to	  develop	  double	  curvature	  leading	  to	  a	  reduced	  342	  
response	  (here	  represented	  with	  horizontal	  deflection	  of	  the	  tip	  dh).	  (To	  be	  reproduced	  in	  colour	  on	  the	  web	  only.) 343	  
A	   number	   of	   polymers	   such	   as	   Polyethylene	   Terephthalate	   (PET)	   and	   Polycarbonate	   (PC)	   and	   the	  344	  
majority	  of	  fibre	  reinforced	  polymers	  (FRPs)	  are	  characterised	  by	  substantially	  greater	  overall	  durability,	  345	  
toughness	   and	   better	   resistance	   to	   UV	   degradation	   than	   wood	   [40].	   When	   mounted	   on	   a	   surface	  346	  
exposed	   to	   direct	   sunlight	   the	   composites	   can	   have	   the	   synthetic	   layer	   facing	   outwards	   to	   provide	  347	  
protection	   for	   the	   active	   wood	   layer.	   In	   addition,	   recyclability	   of	   a	   number	   of	   potentially	   applicable	  348	  
polymers,	  including	  PET	  and	  PC,	  has	  the	  potential	  to	  reduce	  the	  environmental	  footprint	  of	  the	  materials	  349	  
[42],	  but	  it	  is	  vital	  that	  the	  composites	  can	  be	  effectively	  separated	  at	  end-­‐of-­‐life,	  and	  recycling	  of	  GFRP	  350	  
is	  challenging	  [43].	  Therefore,	  opportunities	   for	  the	  use	  of	  FRPs	  reinforced	  with	  natural	   fibres,	  such	  as	  351	  
hemp,	   jute	   and	   flax,	   for	  passive	   layers	  with	   improved	  biodegradability	   and	   reduced	  embodied	  energy	  352	  
should	  be	  explored	  [44].	  Another	  important	  characteristic	  to	  be	  considered	  when	  selecting	  the	  passive	  353	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layer	   is	   the	   ability	   to	   undergo	   repetitive	   bending	   without	   changing	   its	   properties	   (e.g.	   due	   to	   creep,	  354	  
fatigue,	   brittleness	   and	   a	   tendency	   to	   develop	   cracks).	   This	   makes	   brittle	   materials,	   such	   as	  355	  
Polymethylmethacrylate	  (a.k.a.	  Plexiglass),	  an	  undesirable	  choice.	  356	  
3.2.4	  Optimal	  Stiffness	  and	  Thickness	  Ratios	  of	  Layers	  357	  
The	  stiffness	  of	  the	  layers,	  which	  varies	  substantially	  between	  different	  wood	  species	  and	  even	  more	  so	  358	  
between	  different	  grain	  orientations	  of	  wood	  and	  different	  types	  of	  polymers	  and	  FRPs,	  has	  significant	  359	  
effects	  on	  both	  the	  responsiveness	  and	  structural	  resistance	  of	  the	  composites	  and	  deserves	  a	  particular	  360	  
attention	  in	  the	  context	  of	  selection	  of	  material	  configurations.	  Flexural	  rigidity	  of	  each	  of	  the	  layers	  is	  361	  
linearly	   related	   to	   their	   Young’s	   modulus	   (stiffness).	   Meanwhile,	   based	   on	   Equation	   1,	   the	   overall	  362	  
responsiveness	  is	  affected	  by	  a	  function	  f(m;n)	  (coefficient	  of	  curvature	  change,	  Equation	  2)	  of	  stiffness	  363	  
and	  thickness	  ratios	  of	  the	  two	  layers,	  not	  the	  magnitude	  of	  the	  individual	  stiffness	  and	  thickness	  values.	  364	  
Crucially,	  this	  means	  that	  the	  use	  of	  both	  layers	  with	  increased	  stiffness	  can	  allow	  improved	  structural	  365	  
properties	  of	  the	  composites	  without	  compromising	  their	  responsiveness.	  366	  
Plotting	   f(m,n)	   for	   a	   wide	   range	   of	   possible	   stiffness	   ratios	   shows	   that	   the	   maximum	   value	   of	   the	  367	  
function	   remains	   constant	   at	   1.5	   and	   in	   each	   case	   is	   achieved	   at	   single	   yet	   different	   thickness	   ratio	  368	  
(Figure	  10).	  Hence,	  optimal	  combinations	  of	  stiffness	  and	  thickness	  ratios	  which	  give	  maximum	  response	  369	  
can	  be	  determined	   (Figure	  11),	   (also	   showing	   responsiveness	   for	  other	   combinations	   at	   10%	   intervals	  370	  
from	  the	  maximum).	  	  371	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  372	  
Figure	  10.	  Curvature	  change	  coefficient	  f(m,n)	  as	  a	  function	  of	  thickness	  ratio	  of	  the	  layers	  ‘m’	  for	  different	  values	  373	  
of	  stiffness	  ratio	  ‘n’.	  (To	  be	  reproduced	  in	  colour	  on	  the	  web	  only.) 374	  
	  375	  
Figure	  11.	  Combinations	  of	   thickness	  and	  stiffness	   ratios	  of	   the	   two	   layers	  allowing	   to	  achieve	  different	   levels	  of	  376	  
responsiveness,	  including	  the	  optimal	  combinations	  for	  any	  given	  overall	  thickness	  and	  hygromorphic	  properties	  of	  377	  
the	  layers	  (bold	  black	  line,	  f(m,n)=1.5).	  (To	  be	  reproduced	  in	  colour	  on	  the	  web	  only.)	  378	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Figure	  11	  shows	  that	  the	  response	  of	  the	  composites	  is	  most	  significantly	  affected	  by	  the	  stiffness	  ratio	  379	  
when	  the	  thickness	  of	   the	  passive	   layer	   is	  similar	   to	  or	   larger	   than	  that	  of	   the	  active	   layer.	  The	  use	  of	  380	  
layers	  with	  the	  same	  thickness	  (m=1)	  requires	  selection	  of	  materials	  with	  equal	  stiffness	  (n=1)	  in	  order	  381	  
to	  produce	   composites	   exhibiting	  maximum	   response.	   In	   other	   cases	   the	  peak	   value	  of	   f(m,n)	   can	  be	  382	  
achieved	   if	   larger	  stiffness	  of	  one	   layer	   is	  compensated	  by	   increased	  thickness	  of	   the	  other	   layer	   (and	  383	  
vice	   versa).	   For	   example,	   if	   a	   composite	   consists	   of	   an	   active	   wood	   layer	   with	   0.5GPa	   stiffness	   in	  384	  
tangential	   grain	   direction	   and	   a	   fiberglass	   layer	   with	   15GPa	   stiffness,	   the	  maximum	   response	  will	   be	  385	  
achieved	  when	   the	   passive	   layer	   is	   approximately	   5	   times	   thinner	   than	   the	   active	   layer.	   If	   the	   layers	  386	  
were	  of	  equal	  thickness,	  for	  the	  same	  overall	  thickness	  of	  the	  composite	  the	  response	  would	  be	  reduced	  387	  
by	  as	  much	  as	  60%.	  388	  
The	  stiffness	  of	  wood	  in	  the	  direction	  across	  the	  grain	   is	  practically	  always	  going	  to	  be	  much	  lower	  (in	  389	  
the	  range	  of	  ~0.3GPa	  to	  1GPa	  for	  different	  wood	  species)	  than	  that	  of	  a	  passive	  layer.	  Considering	  that	  390	  
transverse	   stiffness	   of	  wood	   is	   proportional	   to	   the	  main	   stiffness	   value	   (along	   grain)	   [19],	   this	  means	  391	  
that,	  contrary	  to	  the	  assumptions	  made	  by	  Reichert	  et	  al.	  [25]	  and	  Cordero	  and	  Smith	  [28],	  selection	  of	  392	  
wood	  species	  with	  larger	  stiffness	  for	  the	  active	  layer	  will	  benefit	  responsiveness	  of	  the	  materials,	  unless	  393	  
excessively	  thin	  passive	  layers	  with	  very	  low	  stiffness	  are	  used.	  394	  
3.2.5	  Overall	  Thickness	  of	  Composite	  395	  
Equation	   1	   reveals	   an	   inverse	   relationship	   between	   the	   overall	   thickness	   of	   the	   composites	   and	   their	  396	  
responsiveness.	  Composites	  with	  small	  thickness	  are	  both	  more	  responsive	  and	  cheaper	  as	  less	  material	  397	  
is	  used	  for	  their	  production.	  In	  addition,	  thin	  responsive	  panels	  add	  less	  extra	  weight	  when	  mounted	  on	  398	  
a	   structure	   (e.g.	   building	   façade)	   thus	   smaller	   fixings	   and	   minimum	   additional	   support	   are	   required.	  399	  
However,	   decreased	   thickness	   can	   significantly	   reduce	   strength	   and	   flexural	   rigidity	   making	   the	  400	  
materials	   susceptible	   to	   cracking	   and	   excessive	   deformation	   under	   wind	   loads.	   Susceptibility	   to	  401	  
weathering	   due	   to	   a	   combination	   of	   mechanical	   (e.g.	   due	   to	   stresses	   resulting	   from	   the	   repeated	  402	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response),	  chemical	  (e.g.	  due	  to	  exposure	  to	  alkaline	  conditions)	  and	  biological	  degradation	  (e.g.	  decay	  403	  
fungi	  and	  insects)	  and	  photo-­‐degradation	  of	  lignin	  in	  wood	  (the	  material	  cementing	  wood	  cells	  and	  cell	  404	  
components	   together)	   is	   another	  major	   concern	  when	  using	   thin	   composites.	   Considering	   an	   average	  405	  
surface	  erosion	   rate	  of	  unprotected	  wood	  outdoors	  of	  2	   to	  5mm/century	  and	  5	   to	  10mm/century	   for	  406	  
softwood	  and	  hardwood	  species	  respectively	  and	  that	  these	  rates	  can	  be	  further	   increased	  depending	  407	  
on	   such	   factors	   as	   the	   exposure	   conditions,	   density	   and	   orientation	   of	   wood	   [34,	   45,	   46],	   reduced	  408	  
thickness	  of	  wood	  layers	  can	  result	  in	  a	  much	  shortened	  lifespan	  of	  the	  responsive	  composites.	  Another	  409	  
significant	   challenge	   to	   building	   integration	   of	   hygromorphs	  with	   thin	  wood	   layers	   is	   their	   potentially	  410	  
low	  resistance	  to	  fire.	  Here	   it	   is	   important	  to	  note	  that	  many	  wood	  processing	  methods,	   including	  the	  411	  
application	   of	   fire-­‐retardants	   and	   coatings	   and	   impregnated	   preservatives	   aimed	   to	   protect	   wood	  412	  
against	  weathering,	  usually	  result	  in	  irreversible	  loss	  of	  its	  hygroscopicity	  [19,	  31,	  34]	  and	  therefore	  must	  413	  
be	   avoided	   when	   preparing	   the	   active	   layer.	   Although	   the	   evaluation	   of	   fire	   performance	   and	  414	  
conformability	  to	  fire	  safety	  regulations	  of	  hygromorphs	  is	  out	  of	  scope	  of	  this	  study,	  it	  is	  suggested	  that	  415	  
the	  risk	  of	  fire	  can	  be	  reduced	  through	  placement	  of	  the	  responsive	  panels	  away	  from	  potential	  sources	  416	  
of	   heat	   and	   sparks	   and	   other	   preventive	   measures	   in	   combination	   with	   a	   system	   allowing	   quick	  417	  
extinguishment	  in	  the	  event	  of	  fire.	  418	  
3.2.6	  Speed	  of	  Response	  419	  
Applicability	  of	  hygromorphs	  is	  strongly	  dependent	  on	  their	  ability	  to	  develop	  the	  required	  response	  in	  420	  
an	   appropriate	   timescale	   in	   the	   context	   of	   the	   proposed	   application.	   Reactivity	   of	   the	   composites	   is	  421	  
directly	   linked	   to	   the	   speed	   of	   water	   sorption	   and	   transport	   in	  wood.	   Figure	   12	   shows	   the	   response	  422	  
speed	  and	  size	  of	  hygromorphs	  with	  1mm	  thick	  rotary-­‐cut	  silver	  birch	  (Betula	  pendula)	  active	  layer	  and	  423	  
0.2	  mm	  fibreglass	  passive	  layer	  to	  wetting	  and	  drying	  (Figure	  12,	  1a	  and	  1b)	  and	  cyclic	  relative	  humidity	  424	  
changes	  (Figure	  12,	  2a	  and	  2b).	  425	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  426	  
Figure	   12.	   Response	   of	   150mm	   long,	   100mm	   wide	   samples	   of	   hygromorphs	   with	   1mm	   rotary-­‐cut	   silver	   birch	  427	  
(Betula	  pendula)	  active	  layer	  and	  0.2mm	  fiberglass	  passive	  layer	  to	  wetting	  and	  drying	  (1a)	  and	  variable	  humidity	  428	  
(2a)	  cycles.	  Graphs	  1b	  and	  2b	  show	  the	  average	  shape	  uniformity	  of	  the	  composites	  during	  their	  response	  (with	  0	  429	  
assigned	  to	  samples	  with	  even	  curvature,	  1	  –	  slightly	  uneven	  curvature	  and	  2	  –	  uneven	  or	  highly	  uneven	  curvature).	  430	  
Test	  results	  are	  accessible	  as	  supplementary	  data	  files	  online.	  (To	  be	  reproduced	  in	  colour	  on	  the	  web	  only.)	  431	  
When	   in	   contact	  with	   a	   sufficient	   amount	  of	   liquid	  water,	   dried	  wood	  achieves	   fibre	   saturation	  point	  432	  
relatively	   quickly	   storing	   excess	   water	   in	   cell	   cavities	   [22].	   Quick	   initial	   absorption	   of	   water	   into	   the	  433	  
cavities	   (primarily	   along	   the	   grain),	  which	   is	   dominated	   by	   capillary	   forces,	   facilitates	   a	   comparatively	  434	  
fast	   response	  of	   the	   samples	   in	  wetting	   stages	   of	   test	   1	   (where	   80%	  of	   the	   total	   curvature	   change	   is	  435	  
achieved	  in	  approximately	  30	  minutes).	  Bound	  water	  is	  held	  in	  place	  by	  stronger	  forces	  than	  free	  water,	  436	  
therefore,	  wood	   loses	   free	  water	   first	  when	   dried	   [22,	   31].	   This	   results	   in	   a	   delayed	   response	   of	   the	  437	  
composites	   with	   a	   fully	   soaked	   active	   layer	   as	   time	   is	   required	   for	   free	   water	   to	   evaporate	   before	  438	  
moisture	  content	   is	   reduced	  below	  the	  saturation	  point	   (Figure	  12,	   ‘delayed	   response	   to	  drying’).	  The	  439	  
	   23	  
rate	   of	   removal	   and	   absorption	   of	   free	   water	   across	   different	   parts	   of	   the	   active	   layer	   may	   vary	  440	  
depending	  on	  the	  orientation	  of	   the	  composites,	  proximity	   to	  heat	  sources	   (e.g.	   lamp)	  and	  more.	  This	  441	  
leads	   to	   the	   composites	   exhibiting	   non-­‐uniform	   curvature	   immediately	   after	   spraying	   and	   throughout	  442	  
the	  drying	  stages.	  	  443	  
Due	  to	  the	  comparatively	  slow	  processes	  of	  molecular	  diffusion,	  evaporation	  and	  water	  transport	  within	  444	  
the	  cell	  walls	   [20,	  22],	  attainment	  of	  EMC	  when	  exposed	   to	  ambient	  humidity	   changes	   takes	  a	   longer	  445	  
time	  leading	  to	  slower	  response	  of	  the	  composites	  (where	  80%	  of	  the	  total	  curvature	  change	  in	  both	  the	  446	  
transfer	  from	  dry	  conditions	  to	  humid	  and	  vice-­‐versa	  is	  achieved	  in	  approximately	  2	  hours	  15	  minutes).	  447	  
The	   samples	   exhibit	   uniform	   curvature	   during	   the	   response	   to	   relative	   humidity	   changes	   due	   to	   the	  448	  
whole	  area	  of	  the	  active	  layer	  exposed	  to	  similar	  conditions.	  Overall,	  the	  response	  time	  of	  hygromorphs	  449	  
is	  mainly	  a	  function	  of	  the	  thickness	  of	  the	  active	  layer	  [16],	  but	  is	  also	  dependant	  on	  the	  width	  of	  the	  450	  
composite	   and	   the	   permeability	   of	   the	   layers.	   Thus,	   thicker	   active	   wood	   layers	   can	   be	   used	   for	  451	  
production	   of	   composites	   which	   respond	   to	   longer-­‐term	   changes	   in	   the	   surrounding	   conditions	   (i.e.	  452	  
daily,	  monthly	  or	  even	  seasonal	  changes),	  whilst	  thinner	  composites	  can	  react	  rapidly	  to	  hourly	  changes	  453	  
of	  ambient	  humidity	  or	  sudden	  rain	  for	  example.	  454	  
3.2.7	  Pre-­‐programed	  Response	  455	  
Response	   of	   the	   composites	   can	   be	   pre-­‐programmed	   by	   adjusting	   the	   conditions	   of	   their	   initial	  456	  
curvature,	   production	   environment	   or	   both.	   Thus	   hygromorphs	   with	   identical	   configurations	   can	   be	  457	  
calibrated	  to	  exhibit	  different	  response	  when	  exposed	  to	  the	  same	  conditions	  (Figure	  13).	  Response	  of	  458	  
the	   samples	   is	   reversible	   over	   a	   large	   number	   of	   cycles.	   However,	   as	   seen	   from	   the	   testing	   results,	  459	  
composites	  with	   thin	   active	  wood	   layers	   prepared	   in	   dry	   conditions	   exhibit	   a	   difference	   between	   the	  460	  
first	   and	   the	   subsequent	   response	  cycles	   (Figure	  12,	   ‘different	  dry	   shape	  after	  1st	   cycle’)	   as	   the	  active	  461	  
layer	  shrinks	  below	  its	   initial	  dimensions	  after	  the	  first	  cycle	  of	  wetting	  and	  drying.	  This	  effect	  may	  be	  462	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caused	  by	  some	   irreversible	  compressive	  strain	  that	  occurs	   in	  the	  veneer	  and	  has	  to	  be	  accounted	  for	  463	  
during	  the	  calibration.	  464	  
	  465	  
Figure	  13.	  Hygromorphs	  with	   identical	  configurations	  can	  be	  calibrated	  to	  exhibit	  different	  response	  to	  the	  same	  466	  
changes	  of	  ambient	  conditions	  through	  adjustment	  of	  their	  initial	  production	  moisture	  content.	  (To	  be	  reproduced	  467	  
in	  colour	  on	  the	  web	  only.)	  468	  
3.2.8	  Selection	  of	  Bonding	  Method	  469	  
Lastly,	  but	  not	  least	  importantly,	  the	  choice	  of	  the	  method	  to	  bond	  the	  layers	  together	  is	  a	  significant	  470	  
issue	  to	  be	  addressed	  considering	  the	  repeated	  large	  deformations,	  the	  internal	  stresses	  resulting	  from	  471	  
differential	  hygroexpansion	  and	  exposure	  conditions	  of	  the	  composites.	  The	  bond	  must	  be	  strong	  and	  472	  
stiff	  enough	  to	  transfer	  shear	  stress	  between	  the	  layers,	  but	  have	  sufficient	  flexibility	  to	  undergo	  473	  
repeated	  bending	  without	  failure,	  and	  satisfy	  end-­‐of-­‐life	  (e.g.	  dissolvable	  or	  dismountable)	  and	  safety	  474	  
(e.g.	  non-­‐toxic)	  criteria.	  It	  is	  believed	  that	  continued	  research	  on	  bio-­‐resins	  can	  potentially	  result	  in	  475	  
production	  of	  an	  adhesive	  satisfying	  all	  of	  these	  requirements	  [47],	  however,	  currently,	  despite	  476	  
environmental	  concerns	  and	  thanks	  to	  a	  combination	  of	  high	  strength,	  good	  durability	  and	  the	  ability	  to	  477	  
be	  cured	  in	  room	  temperature	  without	  causing	  shrinkage	  or	  significant	  loss	  of	  wood	  hygroscopicity	  [48],	  478	  
epoxy	  resins	  are	  considered	  to	  be	  the	  most	  suitable	  type	  of	  adhesives	  for	  bonding	  the	  two	  layers	  of	  the	  479	  
responsive	  composites.	  Alternatively,	  a	  fibre-­‐reinforced	  passive	  layer	  with	  a	  standard	  epoxy	  or	  a	  bio-­‐480	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resin	  matrix	  can	  be	  laminated	  directly	  onto	  the	  active	  layer	  of	  the	  composite	  eliminating	  the	  need	  for	  481	  
additional	  bonding.	  482	  
4.   Potential	  Applications:	  Functional	  and	  Aesthetic	  Benefits	  483	  
4.1	  Moisture-­‐actuated	  Response	  in	  Context	  of	  Roles	  of	  Existing	  Building	  Systems	  484	  
Current	  research	  on	  passively	  responsive	  materials,	  such	  as	  bimetals	  and	  hygromorphic	  composites,	  has	  485	  
focused	   either	   on	   testing	   of	   material	   responsiveness	   or	   has	   sought	   to	   demonstrate	   the	   dramatic	  486	  
aesthetic	   appeal	   of	   the	   technique.	   Several	   authors	   have	   speculated	   on	   the	   general	   categories	   of	  487	  
application	   for	   hygromorphic	  materials	   as	   sensors	   or	   actuators	   [16,	   18]	   or	   in	   larger	   scale	   applications	  488	  
such	   as	   building	   envelopes	   and	   roofs	   of	   semi-­‐indoor	   spaces	   [25].	   However,	   the	  wider	   challenges	   and	  489	  
opportunities	   of	   building	   integration	   and	   the	   potential	   functional	   and	   aesthetic	   applications	   within	  490	  
buildings	  are	  yet	  to	  be	  fully	  established.	  The	  starting	  point	  for	  consideration	  of	  future	  applications	  is	  the	  491	  
existing	   knowledge	  and	  ongoing	   research	   into	  properties	  of	   the	  materials,	   in	  particular,	   their	  defining	  492	  
characteristic	   –	   responsive	   behaviour.	   The	   contact	   of	   initially	   dry	   hygromorphs	  with	   liquid	  water	   and	  493	  
drying	   from	  the	  wetted	   state	  causes	   the	   largest	  effective	  moisture	  content	   change	  of	   the	  active	   layer	  494	  
thereby	  producing	  the	  greatest	  response.	  The	  materials	  have	  also	  been	  shown	  to	  exhibit	  good	  sensitivity	  495	  
to	   changes	   in	   relative	   humidity	  whilst	   ambient	   temperature	   is	   a	  much	   less	   significant	   direct	   stimulus	  496	  
(however	  it	  can	  affect	  the	  response	  indirectly	  due	  to	  the	  influence	  on	  relative	  humidity).	  The	  nature	  of	  497	  
these	   responses	   suggests	   that	   the	  materials	   could	   be	   used	   as	   a	   key	   component	   or	   an	   alternative	   for	  498	  
building	  systems	  that	  require	  dynamic	  moisture-­‐controlled	  behaviour.	  499	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  500	  
Figure	   14.	   Overview	   of	   the	   roles	   of	   building	   systems;	   those	   which	   can	   potentially	   benefit	   from	   the	   use	   of	  501	  
hygromorphic	  materials	  are	  marked	  green	  (not	  italic).	  (To	  be	  reproduced	  in	  colour	  on	  the	  web	  only.)	  502	  
Overview	  and	   initial	  analysis	  of	   roles	  of	  modern	  building	  systems	  (Figure	  14)	  suggests	  a	  wide	  range	  of	  503	  
possible	  applications	  for	  hygromorphs.	   It	   is	  argued	  that	  their	  most	  promising	  building	  application	   is	  as	  504	  
part	  of	   the	  building	  envelope	  because	   it	   serves	  as	  a	  barrier	  between	  the	   internal	  conditioned	  and	  the	  505	  
external	  unconditioned	  space.	  Whilst	  some	  roles	  of	  the	  building	  envelope,	  including	  provision	  of	  a	  stable	  506	  
and	   safe	   shelter	   for	   the	   occupants,	   can	   be	   fulfilled	   by	   static	   systems	   independent	   from	   transient	  507	  
ambient	   conditions	   and	   occupancy,	   incorporation	   of	   hygromorphic	   materials	   can	   enable	   a	   passively-­‐508	  
dynamic	  climatically	  responsive,	  adaptive	  interface	  between	  the	  internal	  and	  the	  external	  environment.	  509	  
For	  example,	  panels	  consisting	  of	  hygromorphic	  materials	  can	  be	  used	  in	  a	  cladding	  system	  designed	  to	  510	  
fold	   or	   deploy	   when	   in	   contact	   with	   water	   creating	   a	   space	   protected	   from	   the	   rain	   and	   allowing	  511	  
enhanced	  ventilation	  and	   lighting	   in	  dry	  environment	   (Figure	  15).	  The	  materials	   could	  also	   find	  use	   in	  512	  
valve-­‐based	  applications	  relating	  to	  rainwater	  collection	  and	  management.	  	  513	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  514	  
Figure	   15.	   1a	   and	   1b	   prototype	   of	   a	   cladding	   module	   with	   a	   series	   of	   overlapping	   150x150mm	   square	  515	  
hygromorphic	  panels	  in	  open	  and	  closed	  state	  respectively.	  2a	  and	  2b:	  prototype	  of	  a	  responsive	  umbrella	  with	  the	  516	  
surface	  of	  the	  canopy	  comprising	  of	  triangular	  panels	  with	  7	  different	  types	  of	  active	  layers	  in	  open	  and	  closed	  state	  517	  
respectively.	  The	  response	  of	  both	  prototypes	  is	  reversible	  over	  a	  large	  number	  of	  cycles	  and	  is	  achieved	  within	  ~20	  518	  
minutes	  from	  dry	  to	  wet	  state	  and	  ~3	  hours	  from	  wet	  to	  dry	  state.	  	  (To	  be	  reproduced	  in	  colour	  on	  the	  web	  only.) 519	  
4.2	  Control	  over	  Physical	  Factors	  of	  Comfort	  520	  
However,	  it	  is	  in	  the	  area	  of	  occupant	  comfort	  that	  hygromorphs	  might	  find	  their	  most	  effective	  521	  
functional	  applications.	  The	  materials	  could	  be	  deployed	  to	  provide	  passive	  control	  over	  air	  movement	  522	  
through	  changeable	  porosity	  of	  the	  building	  skin.	  They	  could	  be	  configured	  to	  help	  maintain	  thermal	  523	  
comfort	  in	  arid	  climates	  through	  enhanced	  natural	  ventilation	  in	  dry	  hot	  weather	  or	  by	  employing	  524	  
systems	  where	  the	  response	  of	  the	  materials	  is	  triggered	  by	  evaporation	  (relative	  humidity	  changes)	  and	  525	  
condensation	  (adsorption	  of	  condensed	  water).	  Hygromorphic	  systems	  could	  be	  applied	  for	  humidity	  526	  
sensing	  and	  control	  over	  the	  exchange	  of	  moist	  and	  dry	  air	  between	  the	  internal	  and	  external	  527	  
environment.	  Relative	  humidity	  is	  an	  important	  factor	  of	  thermal	  comfort	  and	  one	  of	  the	  indicators	  of	  a	  528	  
healthy	  environment.	  High	  relative	  humidity	  (above	  60%)	  amplifies	  the	  effects	  of	  hot	  and	  cold	  air	  529	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temperatures	  on	  thermal	  comfort	  and	  may	  produce	  favourable	  conditions	  for	  mould	  growth	  and	  530	  
bacteria,	  whereas	  excessively	  dry	  air	  (below	  40%)	  can	  lead	  to	  respiratory	  discomfort	  and	  infections	  [43].	  531	  
Whilst	  hygromorphs	  are	  not	  photosensitive,	  hygromorphic	  systems	  could	  be	  designed	  to	  control	  532	  
illumination	  and	  prevent	  excessive	  solar	  gain	  and	  glare	  based	  on	  the	  assumption	  of	  a	  link	  between	  533	  
relative	  humidity	  and	  the	  amount	  of	  available	  daylight.	  Responsive	  cladding	  elements	  could	  be	  534	  
preprogrammed	  to	  provide	  shading	  in	  dry	  sunny	  weather	  and	  maximize	  the	  use	  of	  daylight	  in	  humid	  535	  
conditions	  when	  the	  sky	  is	  overcast.	  	  536	  
4.3	  Psychological	  Comfort	  537	  
Beyond	  physical	  comfort	  requirements,	  there	  is	  a	  growing	  recognition	  of	  the	  importance	  of	  538	  
psychological	  occupant	  comfort	  in	  achieving	  well-­‐being	  in	  buildings	  and	  that	  this	  is	  closely	  related	  to	  the	  539	  
qualitative	  factors	  of	  environmental	  and	  architectural	  design	  [50,	  51].	  In	  this	  context,	  the	  materials	  could	  540	  
provide	  an	  attractive	  visual	  addition	  to	  the	  envelope	  of	  a	  building	  and	  through	  their	  dynamic	  behaviour	  541	  
would	  create	  a	  direct	  visual	  and	  formal	  reference	  to	  shifting	  ambient	  environmental	  conditions.	  542	  
Naturally	  dynamic	  building	  skins	  would	  provide	  a	  stimulating	  visual	  environment	  and	  would	  positively	  543	  
contribute	  to	  the	  quality	  of	  experience	  and	  subjective	  enjoyment	  of	  architecture.	  Their	  constant	  formal	  544	  
interaction	  with	  climatic	  conditions	  would	  vividly	  differentiate	  them	  from	  the	  static	  structures	  that	  545	  
typify	  the	  current	  architectural	  production,	  creating	  opportunities	  for	  unique	  dynamic	  architectural	  546	  
designs.	  	  The	  inherent	  variability	  in	  the	  response	  of	  each	  cladding	  element	  would	  provide	  a	  rich	  texture	  547	  
and	  unpredictable	  patterns	  that	  would	  starkly	  contrast	  with	  static	  or	  precisely	  controlled	  dynamic	  548	  
façade	  systems.	  Despite	  their	  obvious	  benefits	  hygromorphs	  also	  have	  disadvantages	  that	  stem	  from	  549	  
their	  self-­‐initiated	  embedded	  responsiveness.	  Whilst	  these	  characteristics	  provide	  the	  benefits	  of	  550	  
robustness	  and	  simplicity	  they	  also	  impose	  some	  limitations	  on	  the	  ability	  to	  control	  or	  override	  their	  551	  
performance.	  	  552	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4.4	  Passively-­‐Responsive	  Biomimetic	  Architecture	  553	  
Beyond	  the	  functional	  and	  aesthetic	  applications,	  the	  integration	  of	  climatically	  responsive	  hygromorphs	  554	  
into	   buildings	   also	   has	   the	   potential	   to	   address	   wider	   concerns	   about	   the	   technological	   intensity	   of	  555	  
modern	  buildings	  as	  well	  as	  helping	  to	  move	  beyond	  the	  focus	  on	  resource	  efficiency	  that	  characterises	  556	  
much	  of	   the	   contemporary	   sustainability	   debate	   towards	   a	  more	  holistic	   view	  of	   environmental	  well-­‐557	  
being.	   Yannas	   [52]	   argues	   that	   “as	   currently	   conceived	   and	   practiced,	   architecture	   neither	   is,	   nor	   is	  558	  
meant	   to	   be,	   ecologically	   sustainable”	   and	   that	   design	   of	   “truly	   bioclimatic”	   buildings	   requires	   a	  559	  
transition	  from	  inanimate	  materiality	  and	  an	  emphasis	  of	  the	  current	  design	  approaches	  on	  provision	  of	  560	  
fixed	   interior	   conditions	   to	   architecture	   that	   is	   continuously	   adaptive	   and	   attuned	   to	   the	   variable	  561	  
rhythms	   of	   natural	   environment.	   It	   is	   this	   possibility	   to	   simultaneously	   contribute	   towards	   climatic	  562	  
adaptability	   and	   environmental	   performance	   and	   the	   expressive	   potential	   of	   the	   technology	   that	  563	  
probably	  provides	  its	  most	  progressive	  and	  viable	  building-­‐related	  future	  applications.	  There	  is	  no	  doubt	  564	  
that	  careful	  cross-­‐disciplinary	  design	  will	  be	  required	  for	  the	  development	  of	  successful	  multifunctional	  565	  
hygromorphic	  façade	  systems.	  566	  
Conclusions	  and	  Future	  Research	  567	  
Sustainable	  building	  design	  cannot	  be	  achieved	  by	  means	  of	  a	  stand-­‐alone	  technical	  solution	  used	  solely	  568	  
for	   the	  purpose	  of	   improved	  energy	  performance.	   Instead	   it	   requires	   application	  of	   design	   strategies,	  569	  
methods	   and	  materials	   that	   allow	   simultaneous	   consideration	   of	   a	   wider	   range	   of	  multi-­‐dimensional	  570	  
issues,	   including	   contextual	   and	   formal	   requirements,	   aesthetics,	   buildability,	   financial	   viability	   and	  571	  
impacts	  of	  the	  building	  on	  the	  natural	  environment	  and	  human	  well-­‐being	  in	  all	  stages	  of	   its	   life	  cycle.	  572	  
The	  inability	  of	  contemporary	  adaptive	  building	  systems	  to	  meet	  these	  requirements	  is	  a	  result	  of	  their	  573	  
excessive	   reliance	   on	   technologically	   imposed	   intelligence	   based	   on	   interaction	   of	   discrete	   electronic	  574	  
and	   mechanical	   components	   which	   is	   invariably	   associated	   with	   increased	   complexity	   and	   cost.	   In	  575	  
contrast,	   natural	   responsive	   systems	   and	   organisms	   are	   usually	   elegant,	   multi-­‐functional	   and	   highly	  576	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efficient	  as	  the	  evolution	  of	  their	  shape,	  structure	  and	  function	  is	  driven	  by	  the	  necessity	  to	  optimise	  the	  577	  
utilisation	   of	   the	   available	   materials.	   This	   principle	   forms	   the	   basis	   for	   an	   alternative	   approach	   to	  578	  
adaptive	   architecture	   that	   goes	   beyond	   the	   current	   technological	   paradigm	   of	   sustainability	   by	  579	  
deploying	  materials	  with	  embedded	  responsive	  properties.	  580	  
In	   this	   context,	   continued	   research	   and	   development	   of	   hygromorphic	   materials	   employing	   natural	  581	  
sensitivity	   of	   wood	   to	   moisture,	   can	   provide	   opportunities	   for	   design	   of	   low-­‐cost	   low-­‐tech	   adaptive	  582	  
building	   systems	   achieving	   dynamic	   behaviour	   by	   means	   of	   passive	   response	   that	   requires	   neither	  583	  
energy	   input	   nor	   external	   control	   and	   is	   performed	   quietly	   and	   vibration-­‐free.	   This	   points	   to	   the	  584	  
possibility	  of	  an	  architecture	  that	  is	  passively	  attuned	  to	  the	  variable	  natural	  rhythms	  of	  the	  internal	  and	  585	  
external	  environments	  and	  which	  could	  enhance	  physical	  and	  psychological	  comfort	  by	  varying	  light	  and	  586	  
heat	   transmission	   and	   air	  movement	   via	   a	   naturally	   dynamic	   building	   fabric,	  whilst	   providing	   a	   direct	  587	  
connection	  between	  building	  occupants	  and	  the	  dynamics	  of	  the	  natural	  environment.	  Looking	  forward,	  588	  
the	   changeable	   morphology	   of	   passively	   responsive	   building	   skins	   has	   the	   potential	   to	   facilitate	  589	  
architectures	   that	   can	   address	   sustainability	   whilst	   enabling	   the	   creation	   of	   unique	   dynamic	  590	  
architectural	  designs	  that	  are	  vividly	  different	  from	  the	  inanimate,	  static	  structures,	  which	  typify	  much	  591	  
of	  the	  current	  architectural	  production.	  592	  
Future	   research	   could	   focus	   on	   three	   main	   tasks:	   improved	   properties	   of	   the	   materials,	   improved	  593	  
performance	   of	   responsive	   elements,	   and	   development	   of	   strategies	   for	   practical	   application	   of	   the	  594	  
technology.	  The	  current	  study	  has	  provided	  a	  good	  basis	  for	  understanding	  the	  response	  mechanism	  of	  595	  
hygromorphs	  and	  principles	  for	  selection	  of	  their	  configuration,	  however,	  several	   issues	  mainly	  related	  596	  
to	  durability	  and	  fire	  resistance	  of	  the	  thin	  responsive	  composites	  remain	  to	  be	  resolved.	  These	   issues	  597	  
could	  potentially	  be	  addressed	  through	  the	  use	  of	  artificial	  hygromorphic	  materials	   in	  the	  active	   layer,	  598	  
for	  example,	  hydrogels	  [18,	  53],	  bi-­‐layer	  films	  with	  an	  active	  layer-­‐by-­‐layer	  deposition	  of	  a	  hygroscopic	  599	  
polyelectrolyte	  layer	  [54]	  and	  hygroscopic	  conducting	  polymers	  with	  electrically	  induced	  drying,	  such	  as	  600	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poly(3,4-­‐ethylenedioxythiophene)	   (PEDOT)	   [55].	   However,	   the	   present	   unavailability	   and	   under-­‐601	  
researched	   state	   of	   these	   technologies	   constrains	   their	   applicability.	   Therefore,	   methods	   to	   achieve	  602	  
increased	   responsiveness	   of	   thicker	   more	   durable	   composites	   with	   active	   layers	   of	   wood	   or	   other	  603	  
natural	   hygromorphic	   materials	   (e.g.	   coir	   and	   cotton	   fibres)	   and	   protect	   the	   materials	   from	   direct	  604	  
contact	   with	   water	   and	   environments	   with	   extremely	   high	   relative	   humidity	   should	   be	   explored.	  605	  
Additionally,	   the	   possibility	   of	   achieving	   a	   further	   cost	   reduction	   and	   reduced	   embodied	   energy	   of	  606	  
hygromorphs	  through	  the	  use	  of	  recycled	  polymers	  in	  the	  passive	  layer	  should	  be	  investigated.	  	  607	  
Future	  developments	  of	  hygromorphic	  systems	  might	  include	  providing	  improved	  performance	  through	  608	  
the	   employment	   of	   more	   complex	   natural	   and	   geometric	   mechanisms	   than	   the	   one-­‐dimensional	  609	  
bending	   of	   simple	   panels.	   Bistable,	   twisting,	   co-­‐joined	   and	   other	   types	   of	   responsive	   elements	   could	  610	  
help	  achieve	  greater	  visual	  impact,	  provide	  amplification	  of	  small	  deformations,	  and	  improved	  structural	  611	  
efficiency.	   Practical	   application	   of	   the	   technology	   can	   be	   further	   facilitated	   by	   creation	   of	   improved	  612	  
methods	  to	  model	  the	  performance	  of	  the	  responsive	  elements	  and	  its	  effects	  on	  the	  internal	  building	  613	  
environment.	   This	   in	   combination	  with	   construction	  and	   testing	  of	  prototypes	   to	  demonstrate	  a	  wide	  614	  
range	  of	  potential	  functional	  and	  aesthetic	  benefits	  of	  the	  materials	  with	  embedded	  moisture-­‐sensitivity	  615	  
will	   provide	   the	   required	   knowledge	   and	   means	   for	   design,	   adjustment	   and	   optimisation	   of	  616	  
hygromorphic	  systems	  to	  ensure	  their	  successful	  multifunctional	  application.	  	  617	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